Three patterns were identified from dissections of tetrads after sporulation ( Figure 1A ). The largest proportion to wild-type telomere size via an intrachromatid pathway that shares properties with mitotic telomere rapid of tetrads gave rise to two red Ade2 Ϫ Ura3 ϩ spore colonies (containing the URA3 marked telomere) and two deletion (TRD). Loss of Ndj1p, a telomeric protein necessary for meiotic bouquet structure formation [10-red sectored (s) spore colonies (containing the ADE2 marked telomere). This class (Class 1) represents tetrads 12], confers a severe reduction in deletion rates. Return-to-growth (RTG) experiments suggest that dethat fail to undergo telomere deletion, as confirmed by Southern analysis. A second class of tetrads (Class 2) letion occurs at or near the period of meiotic recombination in NDJ1/NDJ1, but not in ndj1⌬/ndj1⌬ diploids gave rise to one white (w) and one red sectored spore colony among the Ade2 ϩ segregants, indicative of a [13]. We propose that Ndj1p facilitates deletion by promoting telomeric interactions during meiosis, remeiotic deletion event at one chromatid resulting in telomeres of differing lengths (Figure 1) . Deletion of both sulting in an effective increase in the concentration of limiting factors for deletion. sister chromatids to form two white colonies (Class 3) was infrequent. The latter class is derived from preexisting premeiotic deleted forms as indicated by the comResults and Discussion parable frequency of deleted telomeres present in the sporulation inoculum and of Class 3 events (data not High Rates of Telomere Tract Deletion During Meiosis shown). The most accurate estimate of meiotic deletion rate, the percentage of Class 2 single deletion tetrads, Epigenetic resetting of phenotypes through DNA or chromatin modification during meiosis has been obranged from 11% to 23% in two derivatives of W303a (DJ202, IJ19; Table 1 ). This rate is in striking contrast served in a wide range of species [14-16]. We hypothesized that a mechanism of recombinational excision of to mitotic diploid and haploid TRD rates assayed in an identical genetic background ‫3ف(‬ ϫ 10 Ϫ3 per cell telomere sequences first identified in mitotic cells, termed telomere rapid deletion (TRD), may reset telodivision/telomere; Table 1 
ceeding unidirectionally from the terminal 3Ј overhang elongated telomere. Yet, deletion was not associated with an accompanying increase either in the telomere toward subtelomeric sequences [9, 18]. These data led to a working model in which the 3Ј overhang invades size of its sister chromatid (0/22) or in HaeIII site duplications and losses (1/16 sister chromatids), arguing more basal telomeric repeats. To approach the mechanism of meiotic deletion, we evaluated the physical exagainst telomeric USCE as a major factor in meiotic deletion. change of the telomeric HaeIII site that we incorporated in the ura3/ADE2-marked VIIL telomere (see Figure 1A Taken together, these data are most consistent with an intrachromatid recombination pathway for meiotic and [9]).
One mechanism that could give rise to meiotic deledeletion as previously determined for TRD in mitotic cells [9] . Because the directionality of deletion is ascertion is the ectopic transfer of sequences between heterologous telomeres. To test this possibility, we examined tained by the maintenance of HaeIII sites within partial deletion products [9] and these products are formed the transfer of the unique telomeric HaeIII site on chromosome VIIL to a wild-type length URA3-marked teloinfrequently in meiotic deletion (data not shown), we cannot formally distinguish between a 3Ј overhang invamere lacking a HaeIII site on the right arm of chromosome V (VR) in DJ205 (Supplemental Figure S1 ). To this sion into telomeric repeats and internal telomere tract deletions. Whether the mechanism for meiotic deletion end, we measured the production of novel HaeIII restriction fragments at the telomere. Random independent is specific to the telomere is unknown and must await the genetic analysis comparing meiotic telomere delespore colonies were grouped into pools of five to facilitate the examination of a large sample size. Hence, cells that are returned to growth before commitcells becasue the telomeric marker segregates indepenment to meiosis I reflect the high rates of meiotic recomdently of the decreased spore viability phenotype in bination while maintaining a mitotic pattern of division. tetrads derived from the mutant strain.
IJ19 (NDJ1/NDJ1) or IJ12 (ndj1⌬/ndj1⌬) cells were Because Ndj1p is expressed predominantly during withdrawn after varying times of liquid sporulation and meiosis [37], we expected that loss of Ndj1p would not shifted to growth on rich media. At each time point, the influence mitotic TRD. To test this expectation, we astotal number of white (deleted) colonies was determined sayed the rate of TRD in the same diploid wild-type after RTG and compared to the fraction of deleted telo-(IJ19) and ndj1⌬/ndj1⌬ (IJ12) strains that were used for meres at the zero time point of sporulation. Interestingly, the analysis of meiotic deletion. Surprisingly, mutant 5% of wild-type cells display meiotic deletion initiating cells confer a significant 2-to 3-fold decrease in TRD after at 6 to 8 hr of sporulation (Figure 3 ). This time frame (Table 2) Our results suggest hat meiotic deletion proceeds be required to distinguish between events occurring during specific stages such as bouquet structure formathrough a highly efficient intrachromatid pathway qualitatively similar to TRD found in mitotic cells. The rate of tion, homology search, and synapsis.
The ndj1⌬ mutation confers a delay in pairing, recommeiotic deletion is similar to the rate observed in hot spots of meiotic gene conversion (e.g., ARG4 [45] ). This bination, and synapsis (Sean Burgess, personal communication; [40] ). Indeed, the delay of meiotic gene conoutcome is not a simple prediction of meiosis because the factors that influence meiotic intrachromatid recomversion appears to create an expanded window for otherwise rate-limiting steps that may result in the obbination are only poorly understood. One attractive interpretation is that the expected high levels of Mre11p served elevated levels of ectopic recombination. If Ndj1p is important to maintain the timing of landmark and Rad50p in telomere clusters may drive complex formation or function and wild-type kinetics of synapsis events in meiosis, it may also influence temporal regulation of telomere-associating factors (e.g., Rap1p) during [31, 46, 47] . The essential role of these factors in mitotic TRD [9] is certainly consistent with this possibility. Furand after bouquet structure formation. That Ndj1p function may be more complex is suggested by genomic thermore, Mre11p and Rad50p are absolute requirements for meiotic recombination both for pre-DSB stabidata demonstrating the transcriptional upregulation of lization and subsequent nuclease rescission to form an invasive 3Ј end [47, 48] . Telomere clustering at the spindle pole body may sufficiently increase the already ele- resetting paradigm applies to vertebrate systems is now nies from DJ205 were grown in pools of five independent samples IJ12 is marked in the same way and is homozygous for the each. DNA isolated from the each pool was cleaved with HaeIII and ndj1::KanMX null allele. DJ205 has ura3/ADE2 and URA3-marked ApaI, an enzyme that cleaves uniquely within URA3 gene sequences, telomeres at VIIL and VR homologs, respectively. Details on the and subjected to Southern hybridization with URA3 sequences as construction of strains used in this study are presented in Supplea probe. mental Experimental Procedures and Supplemental Table S1 .
Genetic and Physical Assays for Meiotic Deletion
Meiotic Timing Experiments Meiotic return-to-growth experiments were carried out essentially TRD rate and frequency of mitotic cells were determined as described [17]. Briefly, the rapid discrimination of deleted and undeas described [13, 49] . Single colonies from IJ12 and IJ19 containing the elongated telomere were grown briefly in rich medium and inoculeted forms was made by a color selection assay based on the silencing characteristics of ADE2. Telomeric ADE2 genes adjacent lated into SPII sporulation medium. Cells were transferred at various time intervals to rich media for 4 hr before plating on SC low adenine to wild-type length telomeres are silenced only poorly and as a consequence form fully white colonies. In contrast, telomeres that plates. After growth, the number of white and total colonies was counted. The time points for asci formation and commitment during are elongated by greater than 400 bp form predominantly red colonies with white sectors. White colonies reflect short telomeres in meiosis were also assayed and found to be similar to previously published kinetics of W303 meiosis and sporulation [13]. More de-70% of cases as determined by Southern analysis.
The rate of meiotic deletion was determined with Class 2 tetrads tailed methods are presented in the Supplemental Data. as described in the text from wild-type strains containing telomeres marked at both VIIL homologs (DJ202, IJ19). Five freshly grown independent colonies were sporulated in liquid media, the tetrads Supplemental Data Supplemental Data include two figures, a table, and Supplemental plated onto complete and low adenine media, and the color scored. A sample of the inocula prior to sporulation was plated in an identical Experimental Procedures and can be found with this article online at http://www.current-biology.com/cgi/content/full/15/3/231/DC1/. manner. The VIIL telomere sizes of the ura3/ADE2 marked telomeric
